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Energy absorbed from double
quantum dot-metal nanoparticle
hybrid system

Haneen Akram, Muwaffaq Abdullah & Amin H. Al-Khursan™

This work proposes the double quantum dot (DQD)-metal nanoparticle (MNP) hybrid system for a
high energy absorption rate. The structure is modeled using density matrix equations that consider
the interaction between excitons and surface plasmons. The wetting layer (WL)-DQD transitions are
considered, and the orthogonalized plane wave (OPW) between these transitions is considered. The
DQD energy states and momentum calculations with OPW are the figure of merit recognizing this
DQD-MNP work. The results show that at the high pump and probe application, the total absorption
rate (Qio¢) of the DQD-MNP hybrid system is increased by reducing the distance between DQD-MNP.
The high Q0+ obtained may relate to two reasons: first, the WL washes out modes other than the
condensated main mode. Second, the high flexibility of manipulating DQD states compared to QD
states results in more optical properties for DQD. The Qpqp is increased at a small MNP radius on the
contrary to the Qynp which is increased at a wider MNP radius. Under high tunneling, a broader blue
shift in the Q:o: due to the destructive interference between fields is seen and the synchronization
between Qunp and Qpqp is destroyed. Qo for the DQD-MNP is increased by six orders while Qpgp is by
eight orders compared to the single QD-MNP hybrid system. The high absorption rate of the DQD-
MNP hybrid system comes from the transition possibilities and flexibility of choosing the transitions
in the DQD system, which strengthens the transitions and increases the linear and nonlinear optical
properties. This will make the DQD-MNP hybrid systems preferable to QD-MNP systems.

Significant interest has been shown in the study of energy absorption in semiconductor quantum dot (QD)-
metal nanoparticle (MNP) complexes in the last few years'~'°. The initial work of Zhang, Govorov, and Bryant
showed that applying an electromagnetic field could significantly modify the energy absorption spectrum. It can
shift energy, exhibit broadening, and even the nonlinear Fano effect. The QD was treated as a two-level quantum
system, the MNP as a classical electromagnetic particle, assuming that the excitons have a dipole-dipole interac-
tion with surface plasmons, so the interaction was handled quasi-static'.

MNP has outstanding optical characteristics led to a revolution in physics, chemistry, biology, and material
sciences'"!?, Their capacity to amplify and focus optical fields to spots much smaller than the diffraction limit
stems from localized surface plasmons (LSP), i.e., the collective wavelike motion of free electrons on the MNP
surface'®. With bio-assembly, self-organized epitaxial quantum dot (QD) growth has progressed in lockstep.
The optical quality of self-assembled QDs is excellent with atomically sharp optical lines'. This capability for
nanocrystal or biomaterial assembly allows the fabrication of sophisticated hybrid superstructures with a strong
and discrete optical response from excitons in QDs and plasmons in MNPs!>16,

Plasmonics leads to a large number of applications that can merge electronics and photonics at the nanoscale,
such as nanoscale laser cavities (spaser)’’, ultra-sensitive spectroscopy'®, and optical nanocircuits'®-*'. There
are now several extensions to the original study. Artuso and Bryant studied the energy absorption spectrum of
the QD-MNP system for strong applied fields®*. They showed that exciton-induced transparency, bistability,
discontinuous response, and suppression might occur in various interaction regions. Yan et al.* investigated the
role of multipole effects in the energy absorption spectrum when excitons and plasmons interact. Subsequent
studies looked at the implications of the applied field quantum nature on the energy absorption spectrum®®
and evaluated the system by treating surface plasmons as a quantum energy continuum’. The literature has also
published extensions of QDs classified as a three-tier system®°. Recently, the energy absorption spectrum in a
hybrid QD-MNP has also been analyzed by a combination of the nonlinear density matrix with the boundary
element method for the electromagnetic calculations to account for the local fields of such metal nanostructures,
including retardation effects and the interaction to all multipolar orders™.
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Figure 1. The hybrid DQD-MNP system. The separation between the centers of the two particles is R.

Chen et al. show a high increment in the nonlinear properties by combining surface plasmon resonance
with the nonlinear system. A six-order increment was detected in the two-photon absorption compared to the
ordinary structures®. The same group decided 230 times increment in the generation rate of organic solar cells
by using a plasmon-enhanced method?®.

He and Zhu?** and Hakami and Zubairy? propose two QDs on the two sides of MNP. So, the two QDs are
not coupled electronically. In this work, the DQD-MNP structure is introduced for a higher energy absorption
rate depending on the high linear and nonlinear optical properties in the DQD structure due to the flexibility
in manipulating the carrier transitions between the DQD structure compared to a single QD structure®. Here,
the energy absorption rate from the DQD-MNP hybrid system is discussed using the density matrix equations.
The WL-DQD transitions and OPW between them, the DQD energy states, and momentum calculations with
OPW are the figure of merit recognizing this DQD-MNP work. The results show that at the high pump, the
highest contribution comes from Qanp. A broader blue shift at higher tunneling is seen. At low pumping field,
the Qpqp is higher by more than one order than the Qynp. The broader QD size exhibits a high Q,;. Compared
to their single QD-MNP counterpart, Qs and Qunp are increased by six orders while Qsqp is reduced by ten
orders. This will make the DQD-MNP hybrid system preferable to QD-MNP.

Theor

DQD-I\)I,NP structure. The hybrid structure studied here is composed of a DQD (the QDs are in a disk
shape with radii p;, p2) and a spherical MNP of radius (a) at interparticle distance (R) (see Fig. 1) embedded in
a material with a dielectric constant g. We also consider the radius of the DQD to be much smaller than that
of the MNP, (p1, p2 < a) and also (a < R)**. This system interacts with a linearly polarized oscillating elec-
tromagnetic field E(t) = Egcos(wt) with Ey is the electric field amplitude, and w is the angular frequency of the
applied field. The DQD considered comprises two QDs; each QD was an InAs QD with a disk shape and height
hg. The sizes of the first QD are (hg; = 0.1 nm, p; = 3 nm) while those of the second QD are (h4, = 0.15nm,
p2 = 4nm). Each QD has one conduction and valence subband. The wetting layer (WL) in the form of a quan-
tum well is an InGaAs with 10 nm thickness, and their conduction and valence subbands work as reservoir states
for both QDs. The structure is grown on a GaAs barrier. The dielectric constant of the QD is represented by &
while the local dynamic dielectric function of the MNP is ey

The Hamiltonian of the DQD-MNP system. Consider a hybrid DQD-MNP structure with a pump and
0 .
probe fields applied; see Fig. 2. A probe field Eg, (t) = %e"“’“zt + c.c. with a frequency wg, and amplitude Ey, is

0 .
applied between |0) <> |2) DQD states. Similarly, a pump laser field Ey3(t) = E—fe*“"”t + c.c. with a frequency
wi3and amplitude E(I)S is applied between|1) <> |3) DQD states. The Hamiltonian of the system can be written as,
H= HO + Hint + Hrelux (1)

where is Hy the unperturbed Hamiltonian, Hy = Zf:o hw; and the relaxation Hamiltonian is H, .. In this work,
the MNP-DQD interaction Hamiltonian Hj,; is
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Figure 2. Energy band diagram for the DQD-MNP system with WL.
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where To; and T3, represents the tunneling components, 8;; = % + %, with Ajj(= P ~) is the Einstein
coefficient, 1; is the dipole dephasing time, wj; is the transition frequency between QD |i) and |j) states, Gyj is the
self-interaction of the DQD, p;; is the QD transition momentum between |i) and |j) states and p;; is the DQD
density matrix operator.

The total electric field (Epqp,;;) felt by the DQD results from the superposition of the external field with
induced polarization of the MNP field. It is given by,

1 1 S84Ppnp i
E = — (| E.: _oT N
DQD,ij seﬁs( ij+ iney RO 3
The induced polarization of the MNP is defined as®,
Punp,ij = (4meg)a’ymEmnpi (4)

With vy = MW= The electric field felt by the MNP (E i) is the sum of the applied field plus the field
Y Y MNP,ij PP P

2ep+em ()
due to the polarizBatiOMnO())f the DQD, i.e.,%,

whereas the DQD polarization is as follows
Ppqp,ij = Iij (Pije_iwijt + p;;eiw”t) (6)
From Egs. (3)-(6), Epqp,ij becomes,
h —iwjt * * %) oyt
Epqpjj = . [(sz,-j +Gijpij)e " + (Qij + Gijpij)e ! } 7)

where ij represents either the effective Rabi frequency of the probe 29, or pump 213 field, respectively, and ©;;
is taken by the relation®,

3
a VMaa) (8)

0
Qi,i:Qij<1+ R
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The first term of the Rabi frequency Qg(: ) is related to the direct coupling of the applied field to the

2heqfm
DQD, while the second term is the field producedﬁ by the MNP owing to its interaction with the applied field.
The parameter Gj; represents the self-interaction of the DQD and is expressed as®,

yma’ (Mij&x >2 )

Gi =
U 4 ephiRO \| e

where Gy is produced when the applied field polarizes the DQD, which then polarizes the MNP and creates a
field that interacts with the DQD?. From Egs. (5) and (6) we have,

Ef 1 S ‘ B 1 s ,
Emnpj = <l]+ o i Dii et 4 7IJ_|_ o Mij o eloit (10)

2 4mep eeiR3 Y 2 Amep iR Y
with

-~ —1 t -~ 3 <.t
Emnpjj = Emneije”" " + Ejnp e (11)

Energy absorption rate. The absorption rate from the DQD-MNP system is introduced as'
Qtot = Qpap + QMNP (12)
Depending on the applied fields’, the absorption rate in the DQD is provided by,
Qpqp = hwo2000Y00 + hw13p11¥11 (13)

To calculate the energy absorbed by the MNP, take the time average of the volume integral [ J.Eyp,tordV
where J is the current density and Exnp st is the total electric field inside the MNP?,

Emnp,jj EMNPij it EX/INPij it
EvNpior = = > L et 4 j— €'l (14)
ij=02,13 efftM ij=02,13 efftM efftM

where g.qv = 25‘;%. Then,

Z MNP,jj e—l(,uijt + ‘MNP jj elwijt
€effM EeffM

PrNp ot = 4mepya’ (15)

ij=02,13

The current density J is equal to the time derivative of the polarization (dipole moment per volume) of the

MNP3,
0 ( PMnPtot
1_8t< v ) 16)
—iw(4Tep) Ma3
= %EMNPJ(# (17)

where V is the volume of the MNP. Thus, the energy absorption rate by the MNP is equal to’,

Qunp = /]EMNP,zuth (18)
This gives,

~ 2
Qunp = (47ep)a’ wyum [Epnp, ot (19)

Density matrix equations of the MNP-DQD system. The equation of motion that describes the
dynamics of the DQD system is written using the density matrix theory as follows®,

—i

p;,h

With i and j refers to the |i) and |j) states. As in the works discussing the hybrid QD-MNP system like?*"3,
using Egs. (1) and (2), the dynamical equations of the DQD system shown in Fig. 2 are listed as,

H., pj] (20)

Poo = —Yopoo + i[To1(p10 — po1) + (220 + G20020) (020 — Po2) + B30(030 — L03) + Bao(L10 — Po4)]

p11 = —v1p11 +i[To1(po1 — p10) + B21(021 — p12) + (31 + G31031) (031 — P13) + Pa1(p41 — p14)]
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05 = —V2022 +i[(220 + G20020) (P02 — p20) + B21(p12 — P21) + T32(032 — p23) + B52(025 — P52)]
P33 = —¥3033 +i[B30(003 — p30) + (231 + G31031) (013 — P31) + T3(023 — p32) + B53(035 — P53)]
Pag = —Vapas + i[Ba0(00s — pa0) + Pa1(P14 — pa1)]

Pss = — V5055 + i[Bs2(ps52 — p25) + Bs3 (053 — 035) + Bsa(054 — p45)]
P10 =~ + v 1o +ilTo1(ooo — p11) + Ba1020 + (231 + G31031) 030 + Ba1040 — (220 + G20020) p12]

030 = [—(vo + v2) — iA20]p20+i[(220 + G20020) (P00 — p22) + B21010 + T32030 + B30023 + B52050—T01021— B9 024]
P30 = — 0 + ¥3) 30 +i[B30(000 — 033) + (231 + G31031) 010 + T32020—To01031 — (220 + G20020) 32— B0 P34]

Pio = — (0 + va)pso +1[Bao(poo — pas)—Ba1p10 — (20 + G20020)paz — Bagpas — Ty pa1 + Paopsa)

pio = =0 + ¥5)pso + 1[Bs2020 + Bs3pzo + Bsapao + (20 + G20020)052—B3oP53 — Baghsa)

031 = =1 +y2)pa1 + i[Br1(p11 — p22) — (20 + G20020) P01
—T10p20 + T32031 — (231 + G31031) 023 — Ba1024 + P25 051]

P33 = —(V2 + v3)p23 + i[T32(033 — p22) + (R20 + G20/020) P03
—Pozp20 + P21p13 — (231 + G31031) P21 + P25 P53 — P53 P25]
034 = — (V2 + va) P24 + i[ (220 + G20020) P04 — Boap20 + B21014—B 14021 + T32034 + +P25054 — Psa025]

Prs = — (Y2 +¥5)pas + il B2s(pss — p22) + (20 + G20020) P05
+B21015 + T32035—B35023 + B2aP45 — Basp24 + Baspss]
031 = —(1 + ¥3)e31 +i[(231 + G31031) (P11 — 033) + B30001 —To1030 + B21032 + T32021—B35051 — Pa1034]

P41 = —(1 + v pa1 +i[Bar(o11 — pa4) + Baopor—To1P40 — B21042 + Baspst — (231 + G31031) p43]
034 = —(¥3 + va)p3a + i[Baopo3 + Ba1013 — Po3pao + (231 + G31031) 041 — T3204;]
035 = —(v3 + v5)p35+i[B3opgs + T32025 — Baspsz + Baspss + (231 + G31p31)p15 + Bas(ps5 — p33)]

51 = —(V1 + ¥5)p51 +ilB52021 — To1p50— (231 + G31031) P53 + Bs3031 — Ba1p52 + Bs54pa1— B4y p41]
(21)
With the condition,

P00 + P11+ p22+p33 =1

where vj is the relaxation rate, Ay is the detuning with Ay = w, — wgp, the frequency w; is the resonant fre-
quency of the 2nd DQD state, and woy is the frequency difference between |0) and [2) DQD states.

Momentum matrix elements. Calculation of the momentum matrix element wij (for QD states i and j) of
each interdot transition, in addition to the calculation of each WL-QD momentum matrix element 1, of each
WL-QD transition is one of the essential features of this work. Momenta calculation is necessary because of the
critical role played by the momenta in calculating the parameters of optical properties, especially Rabi frequen-
cies appearing in Egs. (7), (8), and (9), in addition to its implicit contribution to the calculation of G;; and €2;;
appear in the density matrix equations. Taking /412 as an example®,

2 1
iz [ 5-do 22)

0

a ha
K1z = Cmn{/ Jn (p10)Tm (pzp)epzdp}/ [cos(kz, z)cos (kz,z)
0 0

where Cpyy, is the normalization constant, J,, (p1 ,o) is the Bessel function in the QD-disk plane in the p-direction,
p is determined from the boundary conditions at the interface between the quantum disk and the surrounding
material, e is the electronic charge, p is disk radius,k;, is the wavenumber for the QD state [i) in the z-direction.

For the WL-QD transition, the momentum matrix element is defined here with an assignment for the states
in the band. For example, 35 is the momentum for the WL-QD transition in the VB. It is given by**,

M35 = <‘PJQ:D3

—
er

¢WLV> (23)
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Mn3s = <¢5}3

epp ‘ YwLy >AQD:{3AWZ5 / cos (kzvz) cos (kzwv z) dz (24)

where gon:D3 , @iy are the total wavefunctions of the QD state|3) and WL VB, respectively, while Wng and Yrwr,
are those in the p-direction, Agp,,, Aw,s are the normalization constants of the wavefunctions in the z-direction.
Define,

z3°

3
ep 1PWLV> - Z <¢]Q:D3 ep
WL i=0

(v

Note that in Eq. (25), NwL, is the normalization constant in the OPW?,

eﬁp'llfwu> = NL |:<¢JQ:D3

¢5D> <¢5D |<pwu> (25)

2
Nwe=,|1- > <¢5D (PWL> (26)
i
The summation runs over all the DQD subbands. For the right-hand-side of Eq. (25), one has,
=3 > Cinnlel / ikp 2
e = ] i e d 2
<¢/QD lepl YLy s ) (pp)e™ p*dp (27)
- ) h/2
W]QD ep|\Pqp ) = CinnyCmn,ilel { ]m,jP]m,i,Odp (28)
<‘piQD (pWLv> = % /]mj(Pp)eikppzdP (29)
VA :
Then, considering 1114 as an example of the WL-QD transition in the CB. It is expressed as,
H14 = <</7,Q=D1 er <PWLc> (30)
Wig = <¢’Q:D1 eﬁp“//WLc>AQD11AWZ4 /cos(szz)cos (kzw,z)dz (31)

1
i1l 1 i1 i . .

<¢’QD epp’l//wu> = N |:<¢JQD ep 1//wu> -3 <¢JQD ep w}ﬁ?><<pb7§’|¢wu> (32)

] i=0

With
L . h/2

<¢71Q7D1 ep (0%3:1)0> = Cun,jCuniilel JmjoJmipdp (33)

0

i=0 Cimn ikp

v |owie ) =7 Jmj(pp)e™ pdp (34)
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Results and discussion

This section simulates the results of the hybrid DQD-MNP system. Other works use selected values for QD
energy subbands and experimental transition momenta, making it easy to obtain results. Nevertheless, it takes
results far from practice as the subband energy of QD with a specified size and shape is duplicated with the
momentum value of a QD with another shape and size (as available in works). As it deals with material prop-
erties, this work begins with the calculation of QD energy subbands and then the momenta of transitions to
get the results of each structure depending on its specified parameters from the beginning. The WL effect, a
quasi-continuum state, on the QD transitions is viewed through the orthogonalized plane wave (OPW), which
is inevitable in the QD transitions***. Such calculations are the figure of merit recognizing this work. This work
uses our laboratory software (MAOUD-37) written under MATLAB. It is checked with experimental results in*®
and used in many publications that deal with optical properties like***>*738, Some of them deal with plasmonic
nanostructures®~*!. The parameters used in the calculations are listed in Table 1. Note that the momentum matrix
elements are calculated via MAOUD-37 software using the relations in Momentum matrix elements section.
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Parameter Symbol Value (unit) | Ref.

Relaxations of states VW=V=V,=Vs=ys=1V5 | 1/(25ns) 4243

InAs QD dielectric constant € 15.15¢¢ 2

Metal (Au) dielectric constant | ey 6.9¢9 4
Calculated QD momenta

Momentum Value (nm e) Momentum | Value (nm e)

1o 2.5716 was 0.0176

20 0.0069 w3s 0.0278

30 0.0071 L4 0.0367

U3 2.3849 Woa 0.0341

st 0.0076 wan 0.0066

Calculated QD energy subbands

QD CB subbands QD VB subbands

QD subband Value (eV) QD subband | Value (eV)

Eq 0.9626 E, —0.3555

Eq 1.0288 Ey; -0.3727

Table 1. The parameters used in the calculations.

The calculated QD energy subbands and the transition momenta are listed in Table 1 to make it easy to follow
the results in this work.

Accordingly, this software begins with the calculation of QD energy levels. Secondly, the effective Rabi fre-
quencies 2;; and Gjj need the analysis of transition momenta using Eqs. (13)-(25). The density operators pgo and
p11are used in the Qpqp calculation in Eq. (13). Also, Qumnp is calculated in Eq. (19) through the field Emnp,jj
using Eq. (14) via pp and p;3 as defined in Eq. (10). These density operators are obtained through the numeri-
cal solution of the density matrix Eq. (11), then, Qo is calculated. The dielectric constant of the background is
ep = &9. For the DQD, the relaxation times (yy = y1= ¥, = y3 = ya4 = ys) taken the same for simplicity***’. The
experimental value of the Au bulk dielectric constant is considered the MNP dielectric constant ey**. For (R and
a) values in the figures, we refer to the condition that appears in Section “Theory” above, i.e.,,(R > a > p1, p2 2728,

All figures here plot the total, the DQD, and the MNP absorption rates Qot, Qpqp, and Qumnp, versus the probe
detuning frequency Aj. The importance of this abscissa is to show the behavior under the effect of the probe
field. It also detects the MNP contribution from both its radius (a) and DQD-MNP distance (R) by considering
the shift from resonance probe frequency (zero detuning, Ay = 0). The symmetry of the shape around the probe
resonance also gives information about the system.

Figure 3 shows the total absorption rate (Qy) of the DQD-MNP hybrid system at different distances
(R) between DQD and MNP. The total absorption rate is increased by reducing R, which coincides with the
results in®®. In other works*?, Q is in the range of 10712 — 1071°W, i.e., the absorption rate in the DQD-
MNP is increased by two orders compared to QD-MNP systems. In**, the highest Qy,¢ obtained is in the range
530 x 1071°W, i.e., the DQD-MNP structure is increased 1.6 times. This high Q¢ may relate to two reasons:
First, the WL washes out modes other than the condensated main mode*. Second, the high flexibility of manipu-
lating DQD states compared to QD states results in more optical properties for DQD?***”. From Fig. 3, the
Qtot peak is increasingly shifted at smaller DQD-MNP distance R, similar to the shift in the MNP rate, Qunp.
This behavior results from metal proximity to the DQD structure, where the effect becomes evident at smaller
distances. As the probe filed is high, the highest contribution comes from Qunp. Such behavior in QD-MNP
systems is also shown in****. In this case, the DQD field is transferred to the MNP and then reflected in the
DQD, leading to a strong enhancement of the light absorbed. However, the light enhancement is higher than
the transferred energy from the QD to the MNP¥.

Figure 4 shows Qo at MNP radiia = 8, 10, 12nm. The highest Q¢ becomes1529.9 x 107 1W whena = 12nm
while for a = 10nm, the Q;; = 885.65 x 10~ 1°W, i.e,, it is increased by 0.8 times when the MNP radius is
increased by 1 nm. The Qpqp is increased at a small MNP radius on the contrary to the Qup which is increased
at a wider MNP radius. Since the distance R is wide, a smaller MNP radius has smaller absorption, and then its
Qumnp. As there is more interaction at a wider MNP radius, resulting in more energy transferred to the MNP from
DQD, and then the wide-radius MNP has high Qunp while the corresponding Qpqp is reduced.

Figure 5 shows Qo and its components (Qpop, Qumnp) at different Tp; tunnelings. A slight red shift in the
peak is exhibited with increasing tunneling. At the zero detuning, the curve is increased (in the Q axis) by
0.1 x 10710W at higher tunneling compared to low tunneling in the pink curve (T19 = 10yp). At a high elec-
tromagnetic field, there is a transition of carriers between states |3) <> |1) and then by tunneling to the state |0)
(see Fig. 1), a transfer of energy occurs to the MNP, and then a high MNP absorption occurs. This is the case
in this figure and also the above ones. The curves of high tunneling (20yy, 30yp) are crossing at zero detuning
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Figure 3. (a) The total (Qs), (b) DQD (Qpqp), and (¢) MNP (Qumnp) absorption rates from the DQD-MNP
hybrid system at different spacings (R) (the inset) with a=10 nm, 23, = 0.09meV, 2%, = 1.8GeV.

while the low tunneling component (pink curve) is far from them. Checking Fig. 5b and c shows that this result
comes from the difference in Qpgp.

Figure 6 shows Qy at different T,3 tunneling values. A broader blue shift than that corresponds to high T¢;
tunneling. At higher tunneling (T3 = 100y, pink curve) the curve is inverted and reduced, referring to destruc-
tive interference between fields (pump, probe, and MNP polarization field). Note that this inversion is not shown
in Qumnp curves while it appears in the Qpgp at tunneling less than 100y, (red curve in Fig. 6b) but not affect Q¢
due to the lesser contribution of Qpqp in the Qy;. This result indicates that the synchronization between Qunp
and Qpqp is destroyed under high tunneling.

Figure 7 shows Qyo; at different QD sizes. Broader QD size exhibit a high absorption rate.

Figure 8 shows Qy; and its components (Qpqp, Qumnp) at different values of the pump field (9?3) where Qqor
and Qunp are increased with increasing the pump field, contrary to the Qpgp.

Figure 9 shows Qyo; and its components for the single QD-MNP hybrid system (i.e., the absorption rate of a
single QD (Qgqp) and its MNP absorption (Qunp)). Comparing this figure with the above figures (Figs. 3, 4, 5, 6,
7, 8) shows that Q¢ and Qpnp are reduced by six orders while Qsqp is reduced by eight orders compared to their
DQD-MNP counterpart. The high absorption rate of the DQD-MNP hybrid system comes from the transition
possibilities of the DQD system, which strengthens the transitions and increases the linear and nonlinear optical
properties and flexibility of choosing the transitions in the DQD system?®*%#”. This will make the DQD-MNP
hybrid system preferable to QD-MNP.

Finally, the absorption rates are reexamined with a low pumping field 2%, in Fig. 10. In this case, the Qpgp
is higher by more than one order than the Qanp.
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Figure 4. The absorption rates of the DQD-MNP hybrid system at R = 20 nm. The total (Qs,) absorption rate
isin (a) a = 12 nm, (b) ¢ = 10 nm, and (¢) a = 8 nm. The DQD (Qpgp) is in (d), and then MNP (Qpnp) is in
(e) a = 12nm, and (f) 2 = 8 nm. In these figures 5282 = 0.O9meV,S2(1)3 = 1.8GeV, To; = 30y, T32 = 8.
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Figure 5. (a) The total (Qs), (b) DQD (Qpqp), and (¢) MNP (Qumnp) absorption rates from the DQD-MNP
hybrid system at R = 20 nm and a = 10 nm at different values of the tunneling component Ty as in the inset
and QJ, = 0.09 meV, Q% = 1.8GeV, T3, = 8yy.

Conclusions

The double quantum dot (DQD)-metal nanoparticle (MNP) hybrid system was introduced in this work for the
high energy absorption rate and modeled via the density matrix equations. The WL-DQD transitions and OPW
between them are considered. The DQD energy states and momentum calculations with OPW are the figure of
merit recognizing this DQD-MNP work.

The results show that at the high pump and probe fields, Q. of the DQD-MNP hybrid system is increased by
reducing R. As the probe filed is high, the highest contribution comes from Qanp. A broader blue shift at higher
tunneling is seen. At low pumping field, the Qpqp is higher by more than one order than the Qpnp. The broader
QD size exhibits a high Q;o;. Compared to their single QD-MNP counterpart, Qs,; and Qunp are increased by six
orders while Qsqp is reduced by eight orders. The high absorption rate of the DQD-MNP hybrid system comes
from the transition possibilities of the DQD system, which strengthens the transitions and increases the linear
and nonlinear optical properties and flexibility of choosing the transitions in the DQD system. This will make
the DQD-MNP hybrid system preferable to QD-MNP.
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Figure 6. (a) The total (Qs), (b) DQD (Qpqp), and (¢) MNP (Qumnp) absorption rates from the DQD-MNP
hybrid system at R = 20 nm and a = 10 nm at different values of the tunneling component T3 as in the inset
and QJ, = 0.09 meV, 2%, = 1.8 GeV, Ty; = 30ys.
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Figure 7. (a) The total (Qyx), (b) DQD (Qpqp), and (c) MNP (Qpnp) absorption rates from the DQD-
MNP hybrid system at R = 20 nm and a = 10 nm for different QD sizes as in the inset and 9, = 0.09 meV,
9?3 =18 GeV, T01 = 30)/0,T32 = 8]/0.
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Figure 8. The absorption rates of the DQD-MNP hybrid system at R = 20 nm under different pumpings. The
total (Qy,¢) absorption rate at (a) 9?3 = 1.8GeV, (b) 9(1)3 = 1.7GeV, and (c) 9?3 = 1.6 GeV. The DQD (Qpgp)
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figures are with 5282 = 0.09meV, Tg; = 30y, T32 = 8.
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